In this study, postfire coarse woody debris (CWD) dynamics in northern Quebec, Canada, were assessed using a 29-year chronosequence. Postfire woody-debris storage, decomposition rates, and variation of nitrogen and carbon contents of black spruce CWD (Picea mariana (Mill.) BSP) are estimated. The decomposition rate for postfire snags is exceptionally slow (k = 0.00), while the decomposition rate for logs (k = 0.019-0.021) is within previously recorded values for the boreal forest. The low decomposition rate for snags could be related to low moisture content associated with the position of debris and fast bark shedding. Given the low CWD decomposition rates and CWD storage (21.3-66.8 m 3 ·ha -1 ), carbon losses from postfire CWD are relatively low, varying between 35.5 and 128.8 kg·ha -1 ·year -1 at the study sites. The nitrogen content in CWD drops quickly between living trees and snags and increases slightly with time since fire in logs. Nitrogen content is not related to wood density or to moisture content of deadwood. Rapid loss of nitrogen is associated with fast decomposition of subcortical tissues, leaching, and insect comminution. The increase in nitrogen content at the oldest site could result from asymbiotic nitrogen fixation, although a longer time span in the chronosequence would probably have revealed a greater nitrogen gain in increasingly decayed CWD. -1 ·an -1 à l'intérieur des sites à l'étude. Le contenu azoté des DLG diminue rapidement après feu des arbres vivants vers les chicots pour augmenter légèrement chez les débris ligneux au sol en fonction du temps après feu. La perte initiale d'azote est associée à la décomposition rapide des tissus subcorticaux, au lessivage ainsi qu'aux insectes subcorticaux. L'augmentation du contenu azoté en fin de chronoséquence pourrait être partiellement conséquente à la fixation d'azote par des bactéries asymbiotiques malgré qu'une chronoséquence plus longue aurait probablement permis de révéler un gain d'azote plus élevé chez des débris ligneux beaucoup plus décomposés.
Introduction
Coarse woody debris (CWD) is a conspicuous feature of forest ecosystems. Structural and functional roles of CWD in forest ecosystems have been recognised at both local and global scales (Swift 1977a; Kasischke and Stocks 2000) . Dead woody material decomposes rather slowly (Harmon et al. 1986 ) and may form important carbon and nutrient pools that may have long-term significance for cycling of carbon and nutrients in woodland ecosystems (Ausmus 1977; Swift 1977b) . Rotting logs on the forest floor are known to favour the establishment of various vascular plants (Harmon et al. 1986 ). CWD represents a critical habitat for several autoand hetero-troph taxa, including bryophytes (Òdor and Standovar 2001) , fungi (Renvall 1995) , cavity-nesting birds (Torgensen and Bull 1995; Drapeau et al. 2002) , amphibians, reptiles, mammals (Ecke et al. 2001) , and particularly insects (Hammond 1996) .
The decomposition of CWD greatly depends on substrate quality and environment (Harmon et al. 1986; Laiho and Prescott 2004) . Generally, there is a trend toward decreasing CWD decomposition rates with mean annual temperature (Chambers et al. 2000; Yatskov et al. 2003) and elevation (Brown et al. 1998 ) and in very dry (Erickson et al. 1985) and very wet environments (Progar et al. 2000) . The highest decomposition rates have been measured in tropical environments, where high-temperature and -moisture conditions lead to high levels of heterotrophic activity year-round (Chambers et al. 2000) . In the boreal forest, the low mean annual temperature and the short growing season reduce heterotrophic activity and consequently the rate of carbon and nutrient cycling from deadwood (Trofymow et al. 2002) .
Fire is one of the most important natural disturbance events in the boreal forest (Rowe and Scotter 1973; Payette 1983) . Like other large disturbance events in this ecosystem, such as insect outbreaks and windfall (Gromtsev 2002; Youngblood and Wickman 2002) , fire can generate large inputs of woody debris into the boreal environment (Kasischke 2000) . In this regard, wildfires are distinct from all other boreal disturbances by the sheer bulk of woody debris produced all at once (Tinker and Knight 2000) , thus simultaneously altering to a large extent both the physical and the chemical properties of the habitat (Litton and Santelices 2003) . Fire creates an environment with extreme conditions, where maximum temperatures and insolation are high while humidity is low in comparison with closed forests (Parmeter 1977) . Moreover, fire-created snags, which decompose slowly, may remain standing for a long time (Wei et al. 1997; Tinker and Knight 2000) . As a result, it has been suggested that fire hampers the decomposition of fire-killed trees (Wei and Kimmins 1998) and leads to the formation of an important carbon reservoir in the boreal ecosystem (Kasischke 2000) .
Nitrogen cycling from woody debris has received extensive attention (e.g., Wei et al. 1997; Wei and Kimmins 1998; Prescott 1999, 2004; Holub et al. 2002; Creed et al. 2004a Creed et al. , 2004b in an effort to assess its role in the nitrogen dynamics of coniferous forests Prescott 1999, 2004) . Since deadwood has a low nitrogen content compared with other litter components (Cowling and Merrill 1966; Swift 1977a; Prescott 1999, 2004) , it has been suspected that this nutrient is the limiting factor for wood-decaying organisms (Laiho and Prescott 1999) . Several studies state that the nitrogen content in deadwood varies greatly according to the decomposition stage of the woody debris (Holub et al. 2002; Creed et al. 2004a Creed et al. , 2004b . Following either biotic (e.g., fungi colonization, anaerobic bacterial fixation) or abiotic processes (e.g., leaching, nitrification), the nitrogen content in wood can either increase, decrease, or stabilize (Creed et al. 2004a (Creed et al. , 2004b with time since tree death. Therefore, assessing nitrogen dynamics in deadwood can provide additional information on the process of decay of fire-killed trees.
There has been a growing appreciation of CWD as an essential component of ecosystems in recent decades; notably, this has led to assessments of the carbon budget in the light of global climate change (Chambers et al. 2000; Harmon et al. 2000; Kasischke and Stocks 2000; Krankina et al. 2002; Wang et al. 2003) . Rates of CWD storage and decomposition have been estimated for numerous forest ecosystems, particularly in temperate North America and boreal Eurasia. Despite the growing accuracy of global CWD storage data, significant portions of global forests have been neglected. For instance, very few studies (cf. Laiho and Prescott 2004) have investigated assessments of CWD in northern coniferous forests of North America, especially Canada (Feller 2003) . Considering the scarcity of studies assessing carbon cycling after fire in North America, there is a need to evaluate postfire CWD decomposition dynamics in order to improve the accuracy of national and global carbon budgets.
The present study examines the postfire dynamics of black spruce (Picea mariana (Mill.) BSP) CWD in northern Quebec, Canada, along a 29-year burned-site chronosequence. Black spruce forests are by far the most dominant type of forest in continental Quebec (Gérardin 1980) , where recurrent wildfires constitute the most important type of natural disturbance (Payette et al. 1989 ). To our knowledge, no studies have investigated postfire CWD cycling in this area. Moreover, these forests are thought to have experienced changes in fire frequency in recent time periods Flannigan et al. 2001; Arseneault and Sirois 2004) , which could have further implications for woody-detritus storage and associated carbon loss. The specific objectives of this study are (i) to estimate postfire decomposition rates of black spruce snags and logs, (ii) to evaluate carbon storage and loss associated with total postfire CWD volume at burned sites, and (iii) to determine fluctuations of nitrogen content as postfire CWD decomposes.
Study area
Sampling was done within a 100-km range of the town of Radisson (53°79′N, 77°62′W) in north-central Quebec (Fig. 1 ). This area belongs to the lichen woodland ecosystem and is located only 150 km from the southern border of the subarctic forest -tundra (Payette 1983) . The sampling area is located in the Precambrian geological formation of the Canadian shield, which is composed mainly of granitic and gneissic rocks. The topography consists of a mainly lowaltitude (100-200 m a.s.l.) plateau dissected by lowlands. The surface deposits are of primarily fluvioglacial origin (Stockwell et al. 1968 ). The climate is typical of the lower subarctic region, with a mean annual air temperature of -3.6°C, while monthly January and July temperatures average -25 and 13°C respectively. Annual precipitation averages 637 mm, 40% of which falls as snow (Environment Canada 1993) . Forest occupies every non-edaphically limited site and is composed mainly of even-aged stands of jack pine (Pinus banksiana Lamb.) and black spruce. Open, uneven-aged stands dominated by black spruce are found on paludified sites in the lowlands, intermingled with extended bogs and fens. Wildfire is the most important natural disturbance, with an average recurrence cycle of approximately 100 years in this area (Payette et al. 1989; Parisien and Sirois 2003) .
Site selection and description
The study sites were selected to represent a chronosequence of five different fires that occurred in the vicinity of Radisson in 1973 Radisson in , 1988 Radisson in , 1989 Radisson in , 1996 Radisson in , and 1998 . Burned areas were located using fire maps provided by la Société de protection des forêts contre le feu (Quebec) for the period 1972-2002 and a fire-scar analysis of this area (Pinard 1999) . Considering the relatively high fire frequency in this region, pure stands of black spruce are restricted to sites with poor drainage and a thick organic layer on the forest floor (D. Duros and L. Sirois, unpublished data). One sampling site within each fire area was chosen according to three criteria: (1) flat topography, (2) the presence of mature black spruce stands, i.e., aged 60-250 years at the time of fire, and (3) 100% tree mortality following fire. Stem densi-ties of black spruce (diameter >5 cm) at these sites ranged from 525 to 2400·ha -1 (mean = 1882·ha -1 ) before fire, whereas other species were a minor component in predisturbance stands. Burned organic material was the dominant substrate, except at the two oldest sites (burned in 1988 and 1973) 
Methods
Four square 100 m 2 plots located 40 m apart were located in each site. Within each plot, all woody debris longer than 1 m was measured for maximum and minimum diameter as well as length. Woody-debris volume was estimated as a cone, or a truncated cone if the main axis was broken. The entire volume of all snags and logs with their bases inside the plot were considered even if part of the debris was outside the plot boundaries. Woody debris present before fire was distinguished from debris produced at the time of fire: the latter lacked charcoal on the main trunk, whereas the former showed large areas of scorched wood. The position (fallen (log) or standing (snag)) of the debris was noted. Woody debris was identified to the species level either in the field, based on general appearance and remaining cones, bark, and twigs, or in the laboratory using wood-anatomy criteria (Hoadley 1990 ) when necessary.
Further sampling was performed on woody debris with a base diameter between 10 and 15 cm, which is the dominant diameter class of mature black spruce in this area. Bark cover was noted and then peeled off. The fraction of bark cover remaining on the main trunk was assessed as very low (ca. <5%), low (ca. 5%-40%), moderate (ca. 40%-70%), high (ca. 70%-95%), or untouched (>95%). Two cross sections approximately 5 cm thick were sampled on every snag and log. On snags, cross sections were taken 50 and 150 cm above the ground, whereas the samples on logs were selected 50 and 150 cm from the breakage point of the woody debris, i.e., from the largest end. Eight mature living black spruces with a maximum diameter between 10 and 15 cm were selected from random locations in a residual oldgrowth stand (>200 years old). Cross sections were sampled 50 and 150 cm above the ground in order to estimate the prefire condition of fire-killed trees. Overall, 230 cross sections originating from 107 dead stems (56 snags and 51 logs) and living black spruce were sampled along the chronosequence.
Samples were put in hermetically sealed bags in the field to prevent moisture loss and later placed in a freezer to stop further fungal or bacterial degradation prior to laboratory analyses. Remaining bark on samples was removed. The cross sections were weighed for green mass and then ovendried at 70°C until a constant mass was reached. Dry mass was determined from the last weighing. The moisture content was estimated from the mass loss after drying and was expressed (i) as a proportion of dry mass (% m/m) and (ii) as a mass of water per volume (g·cm -3 ). The volume of cross sections was measured on dry samples. Fragmented or highly irregular cross sections (16.6% of all samples) were put individually in a vacuum-sealed bag and volume was determined by water displacement. The remaining cross sections (83.4%) were considered cylindrical and volume was estimated by approximating the mean diameter and thickness of the cross sections to the nearest 1 mm.
Wood density (g·cm -3 ) was expressed as dry mass over dry volume. Samples with large amounts of lignin corresponding to compression wood or branch knots (4.3%) were discarded (Erickson et al. 1985) . Ovendried cross sections were ground to pass a 35 mesh filter. The concentrations (mg·g -1 dry mass) of carbon, hydrogen, and nitrogen were determined on two 3 mg subsamples of ground material using a PerkinElmer 2400 CHN Elemental analyser (PerkinElmer Corp., Norwalk, Connecticut). The content of 19% of all subsamples was below the analytical range (0.001 mg per subsample) of the apparatus. As a result, their nitrogen concentration was recorded as 0. To determine mass loss during the decomposition process, the nitrogen content (mg·cm -3 ) was calculated by multiplying the nitrogen concentration by the density of the wood sample (Creed et al. 2004b) . Values for wood density, moisture content, carbon concentration, and nitrogen content from cross sections of the same stem were averaged.
Total mass and stored carbon for CWD at each burned site were estimated from mean wood density and carbon content in samples and estimated CWD volumes. At each site, total annual carbon loss from CWD was estimated both from the total CWD volume and from the difference between the mean carbon content in living trees and the mean carbon content in CWD after t postfire years.
Data analyses
During the process of decomposition of dead wood, wood loses mass with time as the complex organic compounds (lignin, cellulose, hemicellulose) are degraded by fungal activity (Harmon et al. 1986 ). In the literature, several models have been used to describe mass loss over time since tree death, including negative exponential, lag time, and simple linear models (cf. Laiho and Prescott 2004; Harmon et al. 1986) . In this study, the decomposition of CWD was first modelled on snags using three different functions depending on time since fire:
Negative exponential:
Lag time:
Simple linear:
where Y t is wood density at t postfire years, Y 0 is initial wood density, k is a decomposition constant representing the mass fraction lost each year, n represents a lag period (years), and ζ is the fraction of initial mass that is lost each year. In contrast to the first two models, the simple linear model suggests that the decomposition rate, expressed as the mass fraction lost each year, increases with time since tree death. To facilitate comparison with other models, the decomposition rate (k) according to this model is estimated as the mean proportion of mass lost each year over the studied time period. Statistical outliers in the wood-decomposition data were identified and excluded from regression analyses. The regression model that resulted in the best R 2 value was retained for estimating the decomposition rate for snags.
Assessing the decomposition rate for logs is more difficult, since it is impossible to know exactly when and in what condition each log fell to the ground. Considering that all logs at a given site did not fall at the same moment, the method previously described for evaluating the decomposition rate for snags is inadequate for logs. Instead, the decomposition rate was estimated for each log assuming that mass loss follows either a negative exponential model [1] or a simple linear model [3] (Laiho and Prescott 1999; Harmon et al. 1986 ). This method suggests that for each log we need to determine (i) the time elapsed since it fell (t) and (ii) its wood density when it fell (Y 0 ). For each site, mean time since falling was estimated using the rate of fragmentation of snags along the chronosequence. The fall rate for snags was assessed by linear, lag time, or negative exponential functions with the fraction of fire-killed trees that remain standing and time since fire as the dependent and independent variables, respectively. The function that resulted in the best R 2 value was retained. Additional data from two other recently burned stands (in 2002 and 2001) sampled in 2002 in a parallel study (Boulanger 2005) were included in the analysis to estimate the fall rate for snags. The wood density of logs at the time of falling was estimated by calculating the mass loss of woody debris during its estimated snag phase using the previously calculated decomposition rate for snags. The overall decomposition rate for logs was estimated by averaging the decomposition rates for all individual logs.
The variation in bark cover along the chronosequence was evaluated by a Pearson's χ 2 test. Variations in moisture content (%) and carbon and nitrogen contents with time since fire for snags and logs were assessed with simple linear regression. Moisture-content data had to be log-transformed to meet the assumption of normality. Variations of nitrogen content as a function of wood density (g·cm -3 ) and moisture content for both snags and logs were evaluated with simple linear regression. Statistical outliers were identified and excluded from the regression analyses. All statistical analyses were performed with SYSTAT ® Version 10.0 (SPSS Inc., Chicago, 2000).
Results

Total volume of woody debris
Total volume of postfire woody debris ranged between 21.3 and 66.8 m 3 ·ha -1 along the chronosequence. The portion of the volume represented by the coarse fraction (CWD) was particularly high and ranged from 48.7% at the site burned in 1996 to 84.9% at the site burned in 1989 (Table 1). The total mass of postfire P. mariana CWD estimated from wood-density data and total volume at the sites varied between 6.0 and 28.8 Mg·ha -1 .
Snag fall rate and time since falling for logs
The fall rate for snags throughout the chronosequence followed a linear trend (R 2 = 0.992, p < 0.001; Fig. 2 ). The onset of breakage was noted in the stand burned in 1998. According to this model, 50% (T 50 ) of snags would be on the ground after 16.2 years, while all snags would have fallen after 31.0 years. Since there are no data for between 15 and 29 years after fire, this assumption of a linear trend must be regarded with caution, as the snag fall rate may have been higher during that time period. This model suggests that snags have a steady probability of 3.37% of falling each year regardless of the time since fire. Consequently, the average time on the ground for logs at a site burned x years previously can be estimated as x/2 years. For example, the average time on the ground for logs at the site burned in 1973 is more likely to be 14.5 years than 29 years. This assumption was reported for logs at each burned site along the chronosequence (Table 2) .
Decomposition rate
The decomposition of postfire snags was virtually nil along the chronosequence. The simple linear model explained only a negligible portion of the variation in CWD density with time since fire (R 2 = 0.002179). Therefore, the estimated decomposition rate (k = 0.00063) for snags was not significant (p = 0.735) (Fig. 3) . Since the decomposition of snags is negligible, the initial wood density of logs (Y 0 ) was set as the mean wood density of snags (0.534 g·cm -3 ). Considering the estimated time since falling and initial wood density, the mean decomposition rate for logs was either 0.019 or 0.021 following the simple linear or negative exponential model, respectively (Table 2 ). According to the simple linear model, 95% of a log's mass would be lost after 55.8 postfalling years, whereas according to the negative exponential model, 142.7 years would be required (Fig. 4) .
Bark cover
Bark cover on CWD varied significantly along the chronosequence (χ [ , . ] 8 0 05 2 = 131.92, p < 0.001) (Fig. 5) . All woody debris from the stand burned in 1998 exhibited either a high fraction or untouched bark cover. The fraction of bark cover decreased quickly with time since fire to become very low for all woody debris at the oldest burned site. The barkshedding rate did not seem to be consistent with time since fire, as is suggested by marked individual differences in the stands burned 13 and 15 years previously. While there was no great variation in bark cover early or late in the chronosequence, CWD exhibiting both high and low fractions of bark cover occurred simultaneously at the sites burned in 1988 and 1989. 
Moisture content
From living trees to snags, moisture content quickly dropped with time since fire (R 2 = 0.1274, p < 0.01) (Fig. 6a) . From 65.1% in living trees, mean moisture content in snags remained under 27% at the study sites and was lowest in the oldest snags (site burned in 1988), at 14.7%. Only 15% of all snags retained a moisture content higher than 30%. Moisture content in logs (Fig. 6a) significantly increased with time since fire (R 2 = 0.141, p < 0.05). Mean moisture content of logs at study sites was always above 32% and was highest at the oldest burned site (1973), at 77.3%. Moisture content in logs was 39.9%-121.1% higher than in snags burned at the same sites. Fifty-six percent of logs retained a moisture content higher than 30%.
Fluctuations and losses of carbon along the chronosequence
The carbon concentration in snags did not vary with time since tree death (R 2 = 0.056, p = 0.083) and averaged between 47.6% and 48.4% at the study sites (Fig. 6b ). There was a slight but significant increase (R 2 = 0.292, p < 0.001) in carbon concentration in logs with time since fire (Fig. 6b ) from 48.2% at the site burned in 1996 to 49.7% at the site burned in 1973. Carbon storage at sites estimated from mean carbon content in CWD samples varied from 2.85 to 13.84 Mg·ha -1 (Table 2) . Considering the postfire CWD volume at each burned site and mean carbon content in samples, mean carbon loss per year ranged between 35.5 and 128.8 kg·ha -1 along the chronosequence (Table 2) . 
Nitrogen fluctuations
When mass loss is considered, nitrogen content decreased significantly from living trees to snags with time since fire (R 2 = 0.101, p < 0.05) (Fig. 6c) . However, when we consider snags only, nitrogen content showed no significant relationship with time since fire (R 2 = 0.000, p = 0.968) and remained, on average, 0.38 kg·m -3 . On the other hand, nitrogen content in logs increased significantly (R 2 = 0.138, p < 0.05) with time since tree death (Fig. 6c) . Mean nitrogen content in logs from the oldest burned site in the chronosequence reached 0.50 kg·m -3 , which still represents a nitrogen loss of 34.0% relative to living trees (0.67 kg·m -3 ). The nitrogen content (Fig. 7) 
Discussion
Decomposition of CWD Estimated decomposition rates for fire-killed black spruce snags in the present study (k = 0.00063 ≈ 0) are particularly low and are among the lowest ever recorded in the boreal forest. Only Yatskov et al. (2003) found similar very low decomposition rates (k = -0.0006 ≈ 0) for spruce snags. In contrast, the decay rate for logs (k = 0.019-0.021) lies within the range of previously recorded values for this type of ecosystem. Estimated decay rates for spruce species in northern Europe and boreal North America typically range between 0.0025 and 0.071 (e.g., Foster and Lang 1982; Graham and Cromarck 1982; Johnson and Greene 1991; Alban and Pastor 1993; Krankina and Harmon 1995; Laiho and Prescott 1999; Naesset 1999; Harmon et al. 2000; Shorohova and Shorohov 2001; Tarasov and Birdsey 2001) . Bond-Lamberty et al. (2002) reported slightly higher decomposition rates (0.016-0.045) for postfire black spruce in Thomson, Manitoba, which has a similar climate (mean annual air temperature -3.4°C, precipitation 537 mm) to Radisson. Higher decay rates in that study may be attributable to a higher snag-fragmentation rate and the inclusion of smaller size classes and prefire woody debris in sampling.
The residence time estimated for logs (55.8-142.7 years) is unlikely to be that long in this ecosystem. Considering the estimated fire cycle in this area (approximately 100 years) (Payette et al. 1989; Parisien and Sirois 2003; Le Goff and Sirois 2004) , it is likely that some fallen stems will be burned before they decay completely. Furthermore, partly decomposed logs could be quickly integrated into the soil organic layer through the rapid paludification of damp postfire sites.
Postfire decomposition of snags is much slower than that of logs. In several studies it has already been pointed out that decomposition of standing woody debris can be very slow (Fahey 1983; Johnson and Greene 1991; Krankina and Harmon 1995; Kasischke 2000; Shorohova and Shorohov 2001) . Woody sections in direct contact with the forest floor have been shown to decompose faster than those held above the ground (Mattson et al. 1987; Wei et al. 1997; Naesset 1999) . Very slow decomposition rates for snags may be attributable to low moisture content in wood throughout the chronosequence. Wang et al. (2002) noticed that respiration of CWD was moisture-limited below 43.1%. Moisture frequently limits wood decomposition (Laiho and Prescott 1999; Wang et al. 2002) , since wood-rotting fungi, mainly Basidiomycetes, cannot reach water below the fibresaturation point, which is commonly fixed at 30% in deadwood (Erickson et al. 1985; Harmon et al. 1986 ). Our study shows that mean moisture content in snags quickly drops with time since fire and remains below 30% throughout the chronosequence. A similarly low moisture content in snags had already been noted elsewhere (Johnson and Greene 1991) .
Fire may delay decomposition of snags by accelerating bark shedding, which reduces moisture content in woody debris. A high fraction of bark cover maintains a higher moisture level in woody debris (Rayner and Boddy 1988; Rubino and McCarthy 2003) . The bark loss reported here in postfire black spruce CWD is particularly rapid compared with that in other coniferous species (Harmon et al. 1986) . Whereas all woody debris in the present study exhibited a very low (<5%) fraction of bark cover after only 29 years, other studies reported that coniferous species need 23.6-599.1 years to lose 95% of their bark cover (Harmon et al. 1986) . It has been shown that badly scorched bark is shed faster than lightly burned or unburned bark (Wikars 2002) . As a result, in severely burned trees that experience fast bark shedding, moisture content should be depleted, which could in turn lead to low rates of mass loss. Fragmentation of snags along the chronosequence is very gradual, though consistent with rates estimated from many fire-killed species in the boreal forest (Harmon et al. 1986 ). Past studies (Harmon et al. 1986; Tinker and Knight 2000) have shown that postfire snags can remain standing for a few years to several decades. Considering their very slow decomposition rate and long residence time, postfire snags constitute a major carbon reservoir in the boreal forest (Kasischke 2000) .
Contribution of CWD decomposition to carbon emissions
Carbon-loss data obtained from CWD in northern ecosystems are particularly scarce. To our knowledge, BondLamberty et al. 's (2002) study is the only assessment of carbon loss from postfire CWD in the boreal forest. In the present study, carbon loss (0.0355-0. , as are decomposition rates. Low CWD volumes at the study sites are related to low tree density, which is typical of the lichen woodland ecosystem in this area (Payette 1983) .
Nitrogen fluctuations along the chronosequence
CWD was still a net nitrogen source 29 years after fire, since 34.0% of the original nitrogen content was lost over the chronosequence. Nitrogen in CWD can have one of several fates: (i) net retention by bacteria and (or) fungi; (ii) net gain either from bacterial conversion of atmospheric N 2 to organically bound nitrogen, or from fungal translocation from the atmosphere, forest floor, or soil; (iii) net loss by leaching of dissolved nitrogen, by denitrification or volatilization to gaseous nitrogen, or from CWD fragmentation (Creed et al. 2004a ). The nitrogen content in postfire CWD follows a sequence of three distinct phases: (1) an abrupt net loss of nitrogen is noted shortly after tree death, then (2) the nitrogen content is rather stable in snags, while (3) logs exhibit a slight net gain of nitrogen. Initial nitrogen release from spruce woody debris was previously reported Prescott 1999, 2004) . Early nitrogen loss can be attributed to rapid decomposition of cambium and phloem by Ascomycetes, leaching (Harmon et al. 1986 ), or comminution and frass production by subcortical insects (Schowalter et al. 1998) . Investigations carried out in the study area have shown that the feeding activities of subcortical xylophagous insects (mainly Cerambycidae (Coleoptera)) were mainly restricted to the first 2 years after fire (Boulanger 2005 tissue could represent a great loss of nitrogen, which is at its highest in the phloem and cambial fraction (Cowling and Merrill 1966) .
It is generally assumed that the nitrogen content in deadwood usually increases as the wood decays (Holub et al. 2001) , mainly as a result of fungal translocation (Ausmus 1977; Edmonds and Eglitis 1989; Boddy and Watkinson 1995; Schowalter et al. 1998) or bacterial nitrogen fixation (Wei et al. 1997; Wei and Kimmins 1998; Brunner and Kimmins 2003) . One can surmise that the net gain of nitrogen at the oldest site results partly from translocation by growing fungal hyphae as wood becomes more decayed with time since fire. Although the nitrogen content is higher late in the chronosequence, it does not increase significantly with decreasing wood density in either snags or logs. Laiho and Prescott (1999) stated that half of the net import of nitrogen in pine logs should be attributable to bacterial fixation. The slight increase late in the chronosequence may be partly the result of weak bacterial fixation, although this cannot be verified with currently available data. Nitrogen fixation by asymbiotic bacteria usually increases with moisture content in deadwood (Wei and Kimmins 1998; Brunner and Kimmins 2003) . Although nitrogenase activity was not measured in this study, it appears that nitrogen content is not related to moisture content. It seems that the chronosequence is too short to discern any relationship between nitrogen content and wood density or moisture content (Wei et al. 1997; Prescott 1999, 2004; Brunner and Kimmins 2003) .
Conclusion
Decomposition rates and subsequent carbon loss from postfire black spruce CWD in northern Quebec are relatively low. Low decomposition rates for burned spruce can be explained by fast bark shedding and a long residence time for snags. Knowledge of the postfire dynamics of CWD is fragmentary. In fact, the results of our study suggest that many other overlooked factors, such as fire severity, implicated fungal species, and local physiographic variables, may play a significant role in the decomposition process. Future work on postfire CWD dynamics is required in order to develop a more precise estimate of carbon storage and cycling in the Canadian boreal forest. 
